Aire is an important regulator of immunological tolerance, operating in a minute subset of thymic stromal cells to induce transcripts encoding peptides that guide T cell selection. Expression of Aire during a perinatal age window is necessary and sufficient to prevent the multiorgan autoimmunity characteristic of Aire-deficient mice. We report that Aire promotes the perinatal generation of a distinct compartment of Foxp3 + CD4 + regulatory T (T reg ) cells, which stably persists in adult mice. This population has a role in maintaining self-tolerance, a transcriptome and an activation profile distinguishable from those of T regs produced in adults. Underlying the distinct T reg populations are age-dependent, Aire-independent differences in the processing and presentation of thymic stromal-cell peptides, resulting in different T cell receptor repertoires. Our findings expand the notion of a developmentally layered immune system.
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I
ndividuals with APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy) have a mutation in the gene encoding Aire. Such individuals, and mice lacking Aire, develop multiorgan autoimmune disease. Aire promotes immunological tolerance by inducing, specifically in thymic medullary epithelial cells (MECs), a large repertoire of mRNA transcripts encoding proteins characteristic of differentiated cell types (peripheral-tissue antigens, PTAs), such as insulin or casein-a. Peptides derived from these proteins are displayed on major histocompatibility complex (MHC) molecules at the MEC surface. The MHC:PTA-peptide complexes negatively select thymocytes whose antigen (Ag) receptors (T cell receptors, TCRs) are engaged too avidly. In addition, MECs can positively select Foxp3 + CD4 + regulatory T (T reg ) cells (1, 2) , at least some of them in an Aire-dependent manner (3, 4) . Cross-presentation of Aire-induced PTAs by thymic dendritic cells (DCs) also occurs and can promote either negative or positive selection (4, 5). Aire's presence during the first few weeks of life is necessary and sufficient to guard against the autoimmune disease characteristic of Aire-knockout (KO) mice (6) . We sought to uncover the root of this unexpected finding.
To compare the effectiveness of clonal deletion in perinatal and adult mice, we examined the thymus of young and old Aire-WT (wild-type) and Aire-KO animals expressing (i) membranebound ovalbumin driven by the rat insulin promoter (RIP-mOva), and thereby within MECs; and (ii) TCRs that recognize a peptide of ovalbumin presented by MHC-II molecules (OT-II) (7, 8) . In both perinatal and adult mice, Aire-dependent clonal deletion was readily evident (fig. S1).
As a first step in comparing the T reg compartments, we enumerated Foxp3
+ T cells in the thymus of progressively older Aire-WT and -KO mice (Fig. 1A and fig. S2A ). Although a few T regs were detected in the thymus of WT individuals 2 days after birth, a substantial population was evident only on day 4, and it gradually increased through day 35. KO mice showed a similar pattern of T reg accumulation in the thymus, but their fractional representation was reduced relative to WT littermates through day 35, and their numbers until day 10. Results were similar in the periphery ( fig. S2, A and B) .
To address the relative importance of the T reg compartments for the maintenance of immunological tolerance, we used a NOD.Foxp3-DTR system to deplete T regs during the day 0 to 10 or day 35 to 45 age window and followed the mice until 15 weeks of age (or loss of ≥ 20% body weight). Depletion of T regs during the 0-to 10-day window resulted in significant weight reduction by 16 days of age (even though T reg numbers were normal by days 11 to 12) and ≥20% weight loss in all mice by 24 days (Fig. 1B) . All individuals showed the multiorgan autoimmunity typical of Aire-KO mice on the NOD genetic background (Fig. 1B and fig.  S3 ). In contrast, T reg ablation during the 35-to 45-day window had no significant effect on either weight gain or survival, although there were some mild manifestations of autoimmunity in scattered individuals (figs. S3 and S4).
We next performed a complementation experiment to rule out the trivial explanation that perinatal mice are nonspecifically perturbed by the repeated injection of diphtheria toxin (DT). Addition of T regs from 20-day-old T reg -replete, but not T reg -depleted, donors to recipients perinatally depleted of T regs resulted in a marked improvement in the autoimmune manifestations (figs. S5 and S6). To confirm that the critical perinatally generated T reg population was, indeed, Aire-dependent, we transferred T regs isolated from 20-day-old Aire-WT or -KO mice into either T reg -depleted (Fig. 1, C and D) or Aire-KO ( fig. S7) perinates. For both types of recipient, only the perinatal T regs from WT mice protected against development of the characteristic "Aire-less" autoimmune disease. Thus, Aire promotes the generation of T reg cells during the perinatal age window. Mice lacking these cells phenocopy Aire-KO mice; exhibiting a spectrum of pathology that differs substantially from that of mice either constitutively lacking T regs or depleted of them as adults (9) (10) (11) .
An inducible T reg lineage-tracer system (12) allowed us to explore the functional and phenotypic properties of perinatally generated T regs . In NOD-backcrossed Foxp3 We first used this system to examine the stability of T regs made perinatally. Lineage-tracer mice were injected with tamoxifen from days 0 to 10 or 35 to 45, and their splenic T reg compartment was analyzed 1 day, 1 week, or 8 weeks later (Fig. 2) . The adult-tagged and perinate-tagged T reg populations were both readily discernible the day after termination of tamoxifen, constituting about a quarter of the Foxp3 + CD4
+ compartment. For adult-tagged T regs , this fraction remained similar throughout the period examined. In contrast, perinate-tagged T regs dwindled to a minor component of the Foxp3 + CD4
+ compartment between 1 and 8 weeks after cessation of labeling. This reduction in fractional representation was a dilution effect as total T reg numbers increased exponentially during this time. Indeed, the actual numbers of perinate-tagged T regs were very stable over the 2 months examined.
The persistence of the tagged T reg populations permitted us to address the functionality of perinatally generated T regs by conducting a four-way comparison (as schematized in fig. S8A ). -(bulk) T reg populations were sorted and transferred into newborn Aire-KO mice. According to all criteria evaluated, disease was not affected by the introduction of adulttagged T regs or control bulk T reg population (Fig. 2 , B to D, and fig. S8B ). In contrast, an addition of perinate-tagged T regs resulted in a substantial reversal of the typical Aire-KO pathology (but with substitution of the insulitis characteristic of classical NOD mice) ( Fig. 2E and fig. S8B ). These findings argue that the T reg population generated perinatally has distinct functional properties that persist within the adult environment. We also sorted GFP had been labeled between 0 and 10 or 35 and 45 days after birth and analyzed their transcriptomes. Distinct sets of genes were either over-(pink) or underexpressed (green) in T reg cells tagged perinatally versus the bulk T reg population of the same mice, but were not differentially transcribed in mice whose T regs were labeled as adults (Fig. 3A  and table S1 ). Overlaying the standard T reg signature on a volcano plot comparing the two labeled T reg populations revealed an overrepresentation of T reg "up" genes in perinate-tagged T regs (Fig. 3B) . Indeed, these T regs performed better than the three comparator populations in a typical in vitro suppression assay (Fig. 3C) , perhaps reflecting higher transcription of genes, such as Fgl2, Ebi3, Pdcd1, and Icos (table S1A), previously implicated in T reg effector function (13) (14) (15) (16) . The perinate-tagged T reg population was in a more activated state (Fig. 3D ), which fit with its higher content of CD44 hi CD62L lo cells (Fig. 3E) . It was also more proliferative, as indicated by fractions of EdU-incorporating and of Ki67 + cells higher than those of the three comparator populations (Fig. 3F) . Indeed, the top pathways overrepresented in perinate-tagged T regs according to Gene-Set Enrichment Analysis (GSEA) were related to DNA replication and cell division (e.g., Fig. 3G ). We confirmed the elevated expression of a number of functionally relevant genes at the protein level (Fig. 3H and fig. S9 ).
Lastly, we sought a molecular or cellular explanation for the distinct T reg compartments generated in perinatal and adult mice. We first used a mixed fetal-liver:bone-marrow chimera approach to rule out the possibility that T cell precursors derived from fetal liver hematopoietic stem cells, which service the developing immune system for the first few weeks after birth (17) , are predisposed to yield T regs with particular properties, assessing both reconstitution efficiencies and geneexpression profiles (fig. S10) .
To fig. S11, A and B) . The repertories of Aire-dependent MEC transcripts were also extremely similar (fig. S11C) .
Next, we asked whether the similar repertoires of PTA transcripts might still yield distinct sets of MHC-presented peptides, owing to different Agprocessing and presentation machinery in mice of the two ages, which need not be Aire dependent. Transcripts encoding several molecules implicated in generating or regulating the repertoire of peptides bound to MHC-II or -I molecules were differentially expressed in perinatal and adult MECs (Fig. 4A) . The data on H2-O transcripts drew our attention because DO is known to inhibit the activity of DM, an "editor" needed for dislodging the invariant chain (CD74) derivative, CLIP, and other peptides from the Agbinding groove of a maturing MHC-II molecule, enabling effective loading of a diverse repertoire of peptides (19, 20) . Transcripts encoding both DO chains were expressed at a significantly lower level in perinatal than in adult MECs, independently of Aire (Fig. 4B) ; perinatal MECs also had reduced amounts of intracellular DO complexes (Fig. 4C) . In addition, they displayed higher intracellular amounts of DM complexes (Fig. 4E ). Co-plotting intracellular amounts of the two complexes at the single-cell level revealed a subset of perinatal MECs with reduced DO and enhanced DM expression (Fig. 4F) versus 1019.0 T 54%) (Fig. 4G) . Thus, the repertoires of peptides presented by perinatal and adult MECs are different, the latter appearing to be more limited.
Aire-dependent PTAs can be "cross-presented" by myeloid-lineage cells in the vicinity (4, 5) , primarily MHC-II hi CD8a
+ DCs (4). Interestingly, this cell type was present in strongly reduced amounts in thymi from perinatal mice (Fig. 4H) . Because the splenic MHC-II hi CD8a + DC subset showed an even more extreme age dependence, it is unlikely that this difference is Aire dependent. Such differences in the Ag processing and presentation machinery of MECs from perinatal and adult mice suggested that their T reg TCR repertoires might diverge. We constrained the inventory of TCRs to be examined by using an approach that had proven fruitful in the past (21, 22 were less clonally expanded ( fig. S12A ), had shorter CDR3a stretches ( fig. S12B ) and, as expected (23), had fewer Tcra N-region additions ( fig. S12C ). To permit a more statistically robust assessment, we focused on repeat sequences. There were many more repeated sequences in the adult mice, and very low values were obtained for both the Morisita-Horn index (0.069 on a scale from 0 to 1) and the Chao abundance-based Jaccard index (0.058 on a scale from 0 to 1), indicating that the two repertoires were very different (table S2 and Fig. 4I ). Thus, our data highlight Aire's ability to promote the generation of a distinct compartment of Foxp3 + CD4
+ T regs as the explanation for its importance during the perinatal age window. Given the age-dependent differences in Ag processing machinery and presenting cells that we documented, juvenile and older mice are likely to have distinct repertoires of both Aire-dependent and Aire-independent T regs , selected primarily on Ag:MHC complexes encountered on MECs. These findings add to, rather than negate, Aire's role in clonal deletion of self-reactive thymocytes, established in multiple experimental contexts (4, 5, 24, 25) .
There are notable similarities in the autoimmune diseases provoked by constitutive genetic ablation of Aire, thymectomy at 3 days of age, and perinatal depletion of Foxp3-expressing cells-in particular, the pattern of target tissues on different genetic backgrounds (26, 27) (Fig. 1) . Our studies yield a unifying explanation for these phenocopies: The perinatally generated, Aire-dependent T reg compartment is particularly proficient at protecting a defined set of tissues from autoimmune attack, and there may be little overlap with the tissues guarded by adult T regs . This notion is consistent with the observations that mice that underwent a thymectomy 3 days after birth exhibit multiorgan autoimmune disease but do not have a numerically diminished T reg compartment when they get older (28, 29) , and that mice constitutively devoid of T regs or inducibly depleted of them as adults show a very different spectrum of pathologies (9) (10) (11) . Such a dichotomy could also explain why the autoimmune disease characteristic of both APECED patients and Aire-KO mice is restricted to such a limited set of tissues. An important implication of this dichotomy is that therapies based on transfer of T regs isolated from adult donors may not be able to impact a particular subset of autoimmune diseases. Thus, our findings extend the notion of a "layered" immune system (30) .
